Background: Citicoline and homotaurine are compounds with a potent neuroprotective activity and they have been administered for many years in the treatment of numerous neurodegenerative and ophthalmological diseases, including glaucoma. Initially available only as liquid form, through parenteral route, nowadays citicoline can be administered also as tablet but no data on bioavailability of these different forms are available. In the present study, pharmacokinetics of citicoline in tablet versus vials, each at the therapeutic dose of 500 mg, in addition to 50 mg of homotaurine was investigated. Materials and methods: Ten mixed breed dogs received a single dose of 50 mg oral homotaurine and 500 mg citicoline in tablet and vials with the same dose were administered after a seven days wash-out period. Parameters assessed for citicoline metabolites (cytidine, uridine and choline) were AUC 0−t , C max and T max . Results: Citicoline bioavailability appeared to be slightly higher for the tablet compared to the vial formulation. Cytidine is equivalent in absorption dynamics both for tablet and liquid form; uridine for tablet reaches its maximum and is reabsorbed more quickly while choline for the liquid form reaches the maximum first and is reabsorbed more quickly. Conclusions: Citicoline in tablet and liquid formulation have pharmacokinetic properties leading to a very similar bioavailability.
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INTRODUCTION
Citicoline and homotaurine are compounds endowed with potent neuroprotective activity [1] . Citicoline (cytidine (5') diphosphocholine) and its hydrolysis products, cytidine and choline, play an important role in generation of phospholipids involved in membrane formation and contribute to critical metabolic functions such as formation of nucleic acids, proteins, and acetylcholine [2] . Additionally, exogenously administered citicoline prevents, reduces, or reverses the effects of ischemia and/or hypoxia in several animal and cellular models [2] and they may alleviate free fatty acid-induced toxicity, which generally accompanies ischemic insult [3, 4] . The effects attributed to citicoline include antiapoptotic effects, neurotrophic properties, protection after partial optic nerve crush, reduction of excitotoxicity, effects on nonglutamatergic neurotransmitter systems, and effects on remyelination [5] . In addition, citicoline appears to be a promising agent for the improvement of cognitive impairment [6] .
In recent years, a large body of research has been addressed to identify neuroprotective drugs and food supplements able to prevent neurodegenerative pathologies and preserve visual function and these efforts revealed how the use of a combination of compounds with synergistic multitarget effects might offer a significant approach for disease prevention, including neurodegenerative pathologies and retinal neurodegeneration [1, [7] [8] [9] .
Homotaurine (3-aminopropanesulfonate), an analogue of 4-aminobutyrate (γ-aminobutyric acid, GABA), is a small natural aminosulfonate compound identified in different species of marine red algae (Acrosorium uncinatum, Cladophora densa, Chondrus ocellatus, Gratelupia livida and Rhodymenia palmataa) and then chemically synthesized under the name of tramiprosate [10] . This substance may interfere with several cellular pathways and exert neuroprotective and neurotropic activities through different mechanisms including effects against the oxidative damage to DNA, antifibrillogenic activity, and antinociceptive and analgesic activities, related to the activation of GABA type-A receptors. In addition, homotaurine prevents the neurotoxicity of Aβ peptide by reducing amyloid aggregation in humans [11, 12] .
For its nootropic abilities, citicoline has been used for many years in the treatment of numerous neurodegenerative diseases and, more recently, in ophthalmology as an adjuvant in the treatment of glaucoma and amblyopia [13] [14] [15] . While homotaurine is available only in solid form, citicoline is used for oral administration in liquid or solid formulation depending on the preferences of the patient or the prescriber.
The aim of this study was to compare the plasma levels of citicoline of two different commercially available formulations of tablet (homotaurine included in this formulation) and vials (homotaurine administered in combination) in adult dogs after a single 500 mg oral dose, the dose normally recommended for these products.
METHODS
The study was designed as a single-dose, two-period crossover trial. All animals-related procedures described were conducted in accordance with the recommendation of the Italian Ethical Committee and in accordance to the European legislations on animal handling (European Parliament Directive 2010/63/EU). Informed consent form was obtained from all owners participating in the study.
Subject Population and Investigated Products
Ten mixed breed dogs (males and females equally distributed, mean age 5 years, weight 8 -10 kg) suffering from spontaneous neurological pathology were enrolled in the study. Housing conditions were maintained on a consistent basis during the length of the study and all dogs were kept on the same diet throughout the entire experimental period. The comparative oral absorption study was conducted under fasting conditions as this is considered to be the most sensitive condition to detect a potential difference between formulations [16] .
In all dogs, a single dose of 500 mg citicoline and 50 mg oral homotaurine formulated in the same tablet was administered. After a wash-out period of seven days, a single liquid dose of 500 mg citicoline J. Biomedical Science and Engineering and 50 mg homotaurine was administered in the same dogs.
Sample Collection and Plasma Separation
For the assessment of oral absorption of citicoline, blood aliquots necessary for the determination of bioavailability were obtained in concomitance with the normal monitoring procedure of the neurological pathologies, which include complete blood count, serum biochemistry, daily blood glucose curves. Each pre-dose blood sample (1 ml) was collected within 5 minutes before dosing. The post-dose sample (1 ml) were collected at 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12 and 24 hours after dosing into vacuum tubing containing K 2 EDTA. No extra blood samples were collected for repeat laboratory tests.
After collection, all blood samples were stored and transferred in a container precooled with refrigerant gel packs and subsequently centrifuged at 1500 rpm at 4˚C for 10 min within 10 min of collection. After centrifugation, the separated plasmas were transferred into suitably labelled polypropylene tubes and stored at −20˚C until the time of the determinations.
Analytical Methods

Pharmacokinetic parameters
Primary endpoint included comparisons of the plasma levels of citicoline of the two different commercially available formulations. The following parameters were assessed: area under the concentration curve (AUC 0−t ) at the last measurement (24 h) estimated using trapezoid rule; maximum concentration level (C max ), time of maximum concentration (T max ) and their standard deviations. The AUC is the most reliable measure of the biological availability as it measures the entire response over time and provides a more accurate picture of bioavailability while the C max represents only one point in time and is therefore less robust [17] .
Secondary endpoint included the evaluation of differences between the two formulations, using f test for and C max from the ANOVA estimate. Exact Wilcoxon-Mann-Whitney Test for T max was implemented.
Evaluation of oral absorption of different citicoline formulation was performed through comparison of its metabolites choline, cytidine, and uridine in each investigated product.
Pharmacokinetic parameters including C max , AUC 0-t and T max for all two investigational product groups were generated using R CORE TEAM, 2017 and values with p < 0.05 were considered statistically significant.
Choline spectrophotometry evaluation For free choline, the Choline/Acetylcholine Quantification Kit from Sigma Aldrich was applied directly to the plasma. This kit includes buffer solution, choline enzyme mix, acetylcholinesterase, choline standard and choline probe; it was stored at −20˚C until analysis. The choline enzyme mix was reconstituted with 220 μl of buffer, while the concentrated solution of choline was prepared by reconstituting with 100 μl of buffer the standard choline (50 mM). For the colorimetric analysis 10 μl of the concentrated solution of choline were dissolved in 990 μl of buffer, thus obtaining the standard solution of choline 0.5 mM.
The colorimetric evaluation of free choline using the Choline/Acetylcholine Quantification Kit was carried out with the Shimadzu UV-Mini 1240 spectrophotometer, using the UV Brand micro-rain. 0, 2, 4, 6, 8 and 10 μl of the standard solution of choline were dosed into the micro cuvette and brought to the final volume of 50 μl, to obtain respectively standards of 1, 2, 3, 4 and 5 nM/well and a white. 50 μl of sample were dosed respectively as the standards within the microcuvette. For the determination of free choline, a reaction mix was prepared containing: 46 μl of buffer, 2 μl of choline probe and 2 μl of choline enzyme mix, for each sample and standard. After 30 minutes of reaction and mild stirring by the addition of the reaction mix, the samples and standards were read at the spectrophotometer at a wavelength of 570 nm. By reading the standards, the calibration line was created, from which the concentration of free choline in the samples was then identified.
Cytidine and uridine HPLC evaluations Cytidine and uridine were assessed with HPLC RP chromatography, which was performed with col-umn C18 and mobile phase consisting of solutions A: 0.1 M phosphate buffer pH 5.0 (monobasic potassium phosphate, adjusted with potassium hydroxide); B: acetonitrile. The chromatographic essay was run with a constant flow of 1 ml/minute, according to the gradient, as shown in Table 1 . The total duration of the run was 25 minutes, including the reconditioning time of the column. The reading wavelength for cytidine and uridine was 254 nm.
Concentrated solutions and standard solutions for the calibration straight lines were prepared by dissolving the nucleotides in 0.1 M phosphate buffer at pH 5.0 (solution A).
Cytidine has a retention time of 4.66 minutes, while uridine is 5.6 minutes. For the preparation of the samples for HPLC RP analysis of Cytidine and Uridine, the following reagents were used: 65% perchloric acid (Carlo Erba Reagents), Monobasic Potassium Phosphate (Sigma Aldrich), Potassium Hydroxide in pellets (Carlo Erba Reagents).
For the realization of the mobile phases the following reagents were used: Acetonitrile HPLC grade (Carlo Erba Reagents) and Monobasic Potassium Phosphate (Sigma Aldrich). The analytical standards of Cytidine and Uridine were obtained from Sigma Aldrich. For the HPLC analysis, the YL-Instrument chromatographic system was set up with a C18 Mediterranean column (250 mm × 4.6 mm, 5 μm), a precolumn guard filter, a UV detector and a manual injector. To purify the samples, a perchloric acid deproteinization was performed, using 200 μl of 2 M perchloric acid, added to 200 μl of plasma. The solution was left to react for at least 10 minutes at 0 -4˚C and, subsequently, was centrifuged at 5000 rpm for 15 min. 300 μl of supernatant were recovered, to which 110 μl of 4 M + KH 2 PO 4 1 M KOH buffer solution (11.22 g of KOH + 6.8 g of KH 2 PO 4 in 50 ml) were added. The sample solution so treated was left to rest for at least 10 minutes at 0 -4˚C, and then it was finally centrifuged again at 5000 rpm for 10 min.
RESULTS
This study involved a single dose, two period cross-over evaluation to assess the single-dose (500 mg) oral bioequivalence of two citicoline formulations in 10 dogs under fasting conditions. No adverse effects were reported by the subjects taking any of these products.
Pharmacokinetic parameters of citicoline metabolites concentrations by mean AUC and standard deviation, C max and T max for each time interval and formulation at the different time intervals up to 24 h are given in Tables 2-4 . Summary of pharmacokinetic parameters is reported in Table 5 . The graphical representations of the mean concentrations of cytidine, uridine and choline for the two formulations as a function of time are presented in Figures 1-3 .
Cytidine and choline plasma exposure for tablet was slightly higher than that for liquid form, while uridine plasma exposure was slightly higher for liquid form; however, no statistical differences were observed for plasma exposure between solid and liquid formulation.
The tablet formulation yielded earlier plasma peak concentrations for uridine (5.1 hours) but not for The results from the f test for AUC 0−t and C max and of the Exact Wilcoxon-Mann-Whitney Test for T max do not show any significant difference.
DISCUSSION
Bioequivalence of different compound formulations were made by comparing pharmacokinetic parameters such as C max , T max and AUC [18, 19] .
Typically, bioequivalence study are basically based on comparative bioavailability study designed to establish equivalence between test and reference products [16] . Bioavailability comparisons are based on plasma concentrations of the parent compound hence for compounds that have a relatively short half-life, undetectable plasma levels, or known metabolites that affect efficacy and/or toxicity, while assessments based on the parent compound alone may be misleading [16] . For the purpose of the study, since citicoline metabolism yields three major metabolites as cytidine, uridine and choline, we extended our comparisons of C max , T max and AUC to include all of them.
Cytidine is equivalent in absorption dynamics both for tablet and liquid form; but in the case of uridine the tablet seems to reach its maximum and is reabsorbed more quickly. Finally, the choline has exactly the opposite effect; the liquid version reaches the maximum first and is reabsorbed more quickly.
Cytidine and choline metabolites evaluations show similar paths for tablet and liquid forms, in terms of AUC 0−t , C max and T max and relative statistical test do not show any significant difference. Uridine PK evaluation shows differences statistically significant regarding the absorption in the long period. For a decision of the Authors, homotaurine tablet was administered in combination with citicoline vials to eliminate possible interferences during bioequivalence assessment between solid and liquid form, thus making the administration homogeneous in both groups of dogs evaluated.
Pharmacokinetics assessment of citicoline was feasible regardless of homotaurine and its metabolites in plasma. Further studies evaluating bioavailability of solely administered citicoline would be desirable.
CONCLUSIONS
Results of the present trial suggest that citicoline in tablet and liquid formulation have similar pharmacokinetics properties leading to a bioequivalence of their metabolites.
To our knowledge, this is the first trial aimed to the evaluation of bioequivalence of citicoline in tablet versus vial formulations carried out in both human and veterinary medicine, providing additional insights regarding the bioequivalence of tablet and liquid formulations in future citicoline trials.
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